Abstract Recharge through injection wells is a wellestablished technique to remediate and protect coastal aquifers from saltwater intrusion. In this study, it is shown that hydrothermal doublet installations can also be used to protect coastal aquifers while producing heat or cold for air conditioning. Such a method could be extremely valuable for situations where there is both a need for freshwater and energy production in coastal regions. The efficiency of the proposed approach is tested using Strack's analytical solution on a wide range of scenarios where the number of injection and pumping wells vary as well as the distance between these wells and the coast. The efficiency is evaluated through four control parameters: the relative freshwater volume, the maximum penetration distance of the saltwater toe, the thermal breakthrough time, and the percentage of injected water recycled. The analysis of these parameters computed for 343 scenarios confirms the efficiency of the method. Those results are extremely encouraging even if they still need to be confirmed through field experiments.
Introduction
Freshwater and energy are two essentials for human existence. Freshwater availability is threatened by various sources of pollution. As the world's population living on the coast is constantly growing (Parry et al. 2007 ), the pressure on coastal aquifers and energy demands in these locations is increasing.
While seawater intrusion is a natural phenomenon, its impact is worsened by intensive freshwater withdrawal . This problem has attracted the attention of scientists for decades. The saltwater/ freshwater interface and the way to characterize it have been studied through a wide variety of methods and models (Bear et al. 1999; Werner et al. 2013) . Different approaches to counter or prevent saltwater intrusion have also been developed such as subsurface physical barriers (Bear et al. 1999) , recharge wells (Luyun et al. 2011) , pumping of brackish water (Mahesha 1996) , withdrawal of freshwater through skimming wells and horizontal wells to reduce the upconing of seawater (Saeed et al. 2002) , freshwater extraction-injection doublets , etc. Various optimization methods have also been used in coastal aquifer management to define sustainable groundwater management schemes and to protect pumping wells from saltwater intrusion (Cheng et al. 2000; Mantoglou 2003; Abarca et al. 2006; Koussis et al. 2010; Singh 2014) .
Even though the best remediation method appears to be the injection of freshwater (treated wastewater, surface freshwater, desalinized water, etc.) near the saltwater toe to create a hydraulic barrier , the water needed is not always available. proved the concept of injection-extraction well pairs to be efficient to counter the saltwater intrusion by re-injecting part of the freshwater extracted. However, the economic costs of such a remediation can be a limiting factor.
Meanwhile, the energy needs for heating and cooling, and the price of fossil fuels, do not stop rising. In 2010, heating and cooling were responsible for 47 % of the European Union's energy consumption (Sparber and Pezzuto 2013) . Several alternative and renewable energies have been developed. In that context, open-loop hydrothermal well-doublets using shallow groundwater coupled with heat pumps (Omer 2008) can be very efficient in many locations and domains such as: family houses, administrative buildings, industries, or hotel complexes (Sanner et al. 2003; Lemale and Gourmez 2008; Banks 2009 ). In coastal regions, the need for cooling is especially high in tourist areas where at the same time freshwater resources are critical.
So far, to the knowledge of the authors, no study has yet considered the possibility of using a hydrothermal welldoublet to provide simultaneously a counter measure to seawater intrusion in coastal regions while offering a method of heating or cooling. The present study aims at investigating the feasibility of such a system. Could a combination of several extraction and injection wells be used to produce freshwater and be a source of energy in coastal aquifers while protecting the resource and being economically viable? If yes, this concept could provide an attractive additional value to an otherwise expensive remediation method.
To test the proposed concept, the study is based on the analytical model of seawater intrusion assuming a sharp interface developed by Strack (1976) for confined and unconfined aquifers. While more recent and advanced analytical solutions, as well as numerical models, are available (e.g. Koussis et al. 2012) , it is deemed sufficient to test the proposed concept in the simplest configuration first, which is the aim of this paper.
The paper is organized as follows. First, the conceptual model and calculation methods are described. Various scenarios of pumping-injection wells are tested against four control parameters: the relative freshwater volume, the saltwater-toe maximum penetration distance, the thermal breakthrough time and the fraction recycled. The results obtained using those calculation methods are then presented and discussed.
Conceptual model
The conceptual model used in this work is the one proposed by Strack (1976) . It assumes a homogeneous, isotropic and semi-infinite coastal aquifer bounded on the side by an infinite and straight coastline. The problem is treated in two dimensions by neglecting vertical flow. Several additional approximations are made such as the Dupuit-Forcheimer assumption involving vertical equipotentials due to a pressure field considered hydrostatic. The lower boundary is an impervious horizontal stratum and the upper boundary is the free water table. The base of the aquifer is assumed to be an impervious horizontal stratum in both cases. It is also assumed that the seawater intrusion can be modeled using a sharp interface. As the saltwater flow velocity is very small compared to that for freshwater, it is neglected. The flow regime is assumed to be in steady state and all the wells are fully penetrating the aquifer; a regional lateral recharge flux is prescribed on the upstream boundary (Strack 1976) .
Under those assumptions, the hydraulic head in the domain can be obtained from Strack's potential equations which will be described later. The position of the saltwater/freshwater interface is given using the Ghyben-Herzberg relationship. Figure 1a shows that the aquifer is divided into two areas: the unconfined flow area (zone 2) and the unconfined-interface flow area (zone 1). In zone 2, the freshwater flows across the whole aquifer thickness, and in zone 1, it flows only above the sharp interface separating the fresh and saltwater. The two flow areas are governed by two different equations. In zone 1, the flow thickness is influenced both by the depth of the saltwater/freshwater interface and by the piezometric level, whereas in zone 2, the thickness is only influenced by the piezometric level. Fluxes and groundwater heads have to be continuous at the transition between the two zones. When groundwater is pumped, the limit between the two zones moves inland (Fig. 1b) . The counter-measure which is studied in this paper consists of setting up a shallow hydrothermal well-doublet(s) with a heat pump as illustrated conceptually in Fig. 1c . Several configurations with more than two wells will be compared and studied in the following section.
Calculation methods

Flow equations
The solution to the general potential equation proposed by Strack (1976) in the case of n pumping wells is: The hydraulic head h [m] can then be computed for the unconfined case using two equations depending on the zone:
is the depth of the impervious substratum below sea level and Δs ¼
is the dimensionless relative difference between saltwater and freshwater density, with ρ f and ρ s being respectively the density of the freshwater and saltwater. Finally, using Ghyben-Herzberg and assuming a density of saltwater and freshwater of respectively 1.025 and 1, the depth of the interface h s [m] can be deduced from the value of the hydraulic head in zone 1 with:
Simulation domain and aquifer parameters
The equations presented in the previous section are valid for a semi-infinite aquifer; however, to test the performance of the proposed system, a region of interest of 3 × 3 km is defined. The hydraulic head and position of the interface are computed using Eqs. (1)- (4) with a resolution of 2 m within this domain using MATLAB, which allows visualization of the flow field ( Fig. 2a ) and the estimation of some parameters such as the maximum depth of penetration of the seawater wedge (see next section). Furthermore, to improve the accuracy of the estimation of the thermal breakthrough time and of the recycled portion of injected water, a refined grid with a dimension of 1.4 × 1.4 km (Fig. 2b) is used in the area surrounding the pumping and injection wells. In this subdomain, a resolution of 1 m is used. The values of the aquifer parameters were taken from Cheng et al. (2000) . The hydraulic conductivity K=100 m/ d corresponds to a well-sorted sand or a mixed sandgravel aquifer (Fetter 2001) . The lateral regional recharge is set to q=0. 
Evaluation criteria
In the following, the aim is to describe the four criteria used to compare the performances of different configurations of injection and pumping wells and to test the feasibility of the proposed system. The maximum penetration distances D max [m] are computed for each scenario by identifying the distances to the coast where the saltwater/freshwater interface meets the impervious substratum of the aquifer. D max is estimated by computing numerically the heads and depths of the interface using Eqs. (1) to (4) on the regular grid in the 3×3 km region. The resulting values are used to define the position of the toe of the seawater wedge and to estimate the maximum penetration D max (Fig. 2) . As this parameter is calculated using a 2 × 2 m discretization, D max has an accuracy of ±1 m. This accuracy can be enhanced easily by using sub gridding in the region of interest.
Relative volume of freshwater (V fresh )
The relative volume of freshwater is the proportion of freshwater in the aquifer. It is defined as the ratio between the total volume of freshwater and the total groundwater volume (fresh+brackish). The volumes are estimated by using the height of the water column obtained by adding the water level (Eqs. 2 and 3) to the depth of the interface (Eq. 4) calculated on the regular grid in the 3×3 km region. This water column height is multiplied by the area of the grid cells. For the total groundwater volume, the water column heights above the impervious substratum (h+d) are taken into account throughout the whole aquifer area. For the freshwater volume, the computation is different for zone 1 where only the water column height above the interface is considered (h+h s ), whereas, in zone 2, all the water column heights above the substratum are computed. The precision of this calculation can be enhanced if necessary by increasing the discretization.
Hydraulic and thermal breakthrough time (respectively T hyd and T th )
The hydraulic breakthrough time is evaluated by considering the shortest pathway followed by a water particle leaving the injection well(s) to the pumping well(s). To determine this pathway, 25 particles are placed around each injection well. The particle paths are then computed by tracking the particle position and following the groundwater head gradients. These calculations are carried out on the 1.4×1.4 km grid with a resolution of 1 m. A small time step dt is imposed to ensure that the particle trajectory is sufficiently accurate. In particular, the maximum distance travelled at each time step is set to 1 m. Among all the particles leaving the injection well(s), only the one heading to the pumping wells are kept. The fastest of these latter particles follows the shortest path and its hydraulic breakthrough time is given by summing all the time steps dt multiplied by the porosity n. The accuracy of this method has been controlled by comparing the results of the numerical calculation with analytical expressions available for simple doublet configuration. Here the numerical solution was necessary since the number and location of the wells could prevent the use of a simple analytical formula. Finally, following Milnes and Perrochet (2013) , the thermal breakthrough time is computed by multiplying the hydraulic breakthrough time by a retardation factor R:
where n, Cp s and Cp l are respectively the porosity (0.3 [−] ) and the volumetric heat capacity of the solid (2.2× 10 6 J/m 3 /K) and the liquid (4.2×10 6 J/m 3 /K). This method allows computing of the earliest breakthrough time. However, when considering complex scenarios such as the one shown in Fig. 2 , one realizes that only a small portion of the recycled water will reach the pumping well at this breakthrough time. Therefore, using these breakthrough times to estimate the longevity of a system places the designer on the safe side.
Portion recycled of injected water (Rec)
To compute the proportion of injected water recycled in the pumping well, the x component of the Darcy velocity must be integrated between two stagnation points located on a line parallel to the coast (Milnes and Perrochet 2013) . 
Hydrothermal discharge rate calculation
The second part of the evaluation consists of testing the feasibility of the proposed system in terms of energy production. For this purpose, it is necessary to relate the total discharge rate that needs to be extracted from the aquifer with the energy demand.
In this paper, it was decided to assume that the hydrothermal open-loop wells could be used by a tourist resort along the Mediterranean coastline. Next, to make a reasonable estimation of the energy demand for such a resort, the monthly consumption for heating provided by a hotel in Rome (Italy) was used. The peak load (month with the highest heat need) is used to constrain the design of the system. For the sake of simplicity, the discharge rate of the installation will be assumed constant in the following calculations. The peak consumption is then divided by the number of hours contained in a month to obtain the mean power P mean the heat pump (HP) has to produce. This power is linked to the difference in temperature between the heating temperature (20-21°C) and the mean temperature of the month. The maximum power P max [kW] is evaluated as follows:
where P mean is the mean power to be furnished during the coolest month, T i is the indoor temperature needed and T minext and T meanext are respectively the minimum and mean exterior temperature. The following equation is then used to evaluate the discharge rate of the hydrothermal installation Q geoth [m 
where ΔT is the temperature variation between the pumped and the injected water, COP is the HP's performance coefficient and 1.16 is the heat capacity of water per unit of volume in kWh/m 3 /K. The discharge rate, being in cubic meters per hours, is multiplied by 24 hours per day (h/d) to obtain cubic meters per day. Nevertheless, the HP mean power may also be used to calculate the mean discharge rate and the peak demands would be satisfied by a higher discharge rate during those peaks (Lemale and Gourmez 2008) .
The air temperatures for Rome are presented in Table 1 . The mean temperatures correspond to the mean between the minimum daily temperatures and the maximum daily temperatures. This may differ slightly from the real mean monthly temperatures in Rome but it will only have a minor impact on the evaluation of the feasibility of the proposed system.
The peak demand is in December and rises to 231,445 kWh. The mean power (P mean in [kW] ) the HP has to furnish is found dividing the peak demand by the hours contained in a month:
and the maximum power (P max in [kW]) of the HP is found using data of Table 1 in Eq. (7) with T i =20°C: 
The discharge rate has been approximated to 1,260 m 3 / d to simplify the calculations. Now, looking at the power the heat pump has to furnish throughout the year in Fig. 3 , one realizes that the maximum power is only needed during the two coolest months. When comparing these observations to Table 1 , one sees that during the summer months, the heat production is nearly all dedicated to domestic hot water. Having a reversible heat pump, the constant discharge rate of the installation can produce a great amount of cold during the hotter months, enhancing the economic benefit of the installation.
Scenarios
To determine the most efficient dispositions of wells, 343 different combinations were tested. Seven different configurations are considered (Table 2) . Each configuration corresponds to a given number of injection and pumping wells. All configurations include, in addition to the wells described in Table 2 , a pumping well located at coordinates (1000, 1500) and used for the freshwater needs of the presumed hotel. Two of the configurations are illustrated in Fig. 4 .
For each configuration, 49 scenarios were computed. The scenarios correspond to different locations of the injection wells (distance to the coast varying between 350 and 500 m with a step of 25 m) and pumping wells (distance to the coast varying between 800 and 950 m with steps of 25 m). The y coordinates of the well locations are constant within a configuration. They vary depending on the number of wells in the pumping or injection line: for one well, y=1500; for two wells y 1 =1300 and y 2 =1700; for three wells y 1 =1200, y 2 =1500 and y 3 =1800 and for four wells y 1 =1140, y 2 =1380, y 3 =1620 and y 4 =1860.
The global discharge rate pumped and injected for the hydrothermal installation remains constant at 1,260 m 3 /d and is equally divided between the pumping and injection wells. Varying the number of pumping wells with a fixed number of injection wells did not give interesting results and is, therefore, not presented in the paper.
Systematic analysis and optimization
To find the optimal scenarios, the fact that the calculations are rapid and rather simple enables a crude method to be applied, consisting of scanning systematically the parameter space and evaluating the criteria for each scenario. The results are presented through a step-by-step approach and allow plotting and analyzing the Pareto front. All scenarios leading to saltwater reaching the pumping wells are not retained. Indeed, Strack's equations are not valid for these cases and those scenarios are not interesting from a practical perspective.
Step by step approach The method consists of analyzing first the volume and distance parameters obtained by the calculations conducted on the 3 × 3 km domain. The latter domain is used to ensure that the maximum penetration distance is obtained and that the relative freshwater volume includes the whole region to minimize artefacts. Fig. 4 Example of flow fields computed for two of the seven well configurations tested: a configuration 1, one doublet with the pumping and injection wells respectively located at (1000,1500) and (450,1500), b configuration 2, two doublets with pumping wells located at (950,1300) and (950,1700) and the injection wells at (450,1300) and (450, 1700) For each control parameter, the difference between the maximum and the minimum is considered and is named the interval.
The first step consists of selecting the scenarios corresponding to the best protection of the aquifer in terms of the highest freshwater volume V fresh as this is considered to be the most important parameter at a global scale. The resulting scenarios are then ranked in terms of maximum penetration distance of the saltwater toe. For the volume parameter, only the scenarios belonging in the higher 20 % of the interval are kept. Similarly, concerning the distance parameter, only the scenarios present in the lower 20 % are kept. Once the optimal scenarios regarding these 2 parameters are identified, the thermal breakthrough time and the recycled-portion parameters are calculated for these scenarios using the 1.4×1.4 km sub-region. The scenarios having both a high T th and a low Rec are retained as the optimal ones.
Results
To test the efficiency of the method, three different situations are compared: the natural state, the stressed state due to withdrawal of freshwater and, finally, the remediated states resulting from the various scenarios.
Saltwater wedge in natural and stressed states
In a natural state, the aquifer presents a saltwater wedge. 
Results produced by the various scenarios
Out of the 343 scenarios tested, 180 were not retained. Indeed, the configurations and well locations in these scenarios lead the saltwater to reach the pumping well(s). Table 3 presents an overview of the results. For each control parameter, the numbers of scenarios belonging to the best cases (higher or lower intervals depending on the criteria) are reported. Looking at the total number of Table 6 List of all optimum scenarios regarding the volume and distance parameters based on the 3×3 km model. L pump is the distance between the coast and the pumping well(s) of the doublet(s) (in meters), L inj is the distance between the coast and the injection well(s) (in meters), V fresh is the relative freshwater volume (in percent of the total water volume) and D max the maximum penetration distance of the saltwater toe from the coastline (in meters) scenarios selected in the higher or lower intervals for each configuration in Table 3 , configurations 4, 6 and 7 are found to be the most efficient. Indeed, having less than three injection wells does not produce an efficient hydraulic barrier as the saltwater tends to flow around these wells.
In Table 4 , the number of selected scenarios are compared with respect to the distance between the coast and the line of pumping wells. It is found that the best scenarios (for almost all criteria) correspond to the largest distances (950 or 925 m) as expected. The only criterion that does not show any trend in this table is the maximal penetration distance D max because it is influenced mainly by the distance between the injection wells and the coast.
Finally, in Table 5 , the numbers of selected scenarios are compared with respect to the distance between the coast and the line of injection wells. A first striking observation is that the scenarios with the line of injection wells at less than 400 m are never selected and should therefore not be considered. The number of scenarios selected according to the maximum penetration distance D max increases when moving the injection line inland; however, this criterion cannot be taken alone, since the other criteria worsen at large distances to the coast. T th and Rec show optimal values when the injection is placed from 400 to 450 m. The closer the injection line is to the pumping wells, the smaller is the breakthrough time and the higher is the proportion recycled.
Selecting the best compromises
Step by step optimization The first step consists of keeping only the scenarios producing a V fresh in the higher 20 % of the interval. Among these scenarios, the ones with a D max in the lower 20 % of the interval are kept. The retained scenarios are listed in Table 6 .
More generally, Fig. 5 shows how D max correlates with 1/V fresh for the different scenarios. An important characteristic of this figure is the existence of a Pareto front. Above the front, all the scenarios are not optimal in the sense that one can find another scenario in which either D max is smaller or V fresh is larger. Below, along the Pareto front, one has to accept a compromise: an improvement in terms of D max implies to worsen V fresh . The best possible scenarios are those along the Pareto front.
Comparing the results obtained for V fresh and D max in Tables 3, 4 , 5, and 6 and Fig. 5 , one observes that they all converge toward the same conclusion: the best results are given by configuration 7 even if configuration 6 also offers close results.
For each scenario listed in Table 6 , T th and Rec are calculated in the 1.4×1.4 km focus area. Table 7 regroups the results given by these two parameters. One finds then that scenarios 1 and 2 offer the best results. As they are very close in configurations and distances, only scenario 1 will be discussed further.Note that if T th must be increased for the sustainability of a specific project, one should consider configuration 4 as indicated by Fig 6 , but this will imply a reduction of V fresh as compared to scenario 1. The comparison of scenario 1 with the natural and stressed states shows that it permits improvement of the situation: V fresh is 95.222 % which is 0.52 % higher than V fresh in the stressed state and is 0.35 % lower than the natural state; the maximum saltwater toe penetration is 58 m shorter compared to the stressed state but still 98 m greater than in the natural state. T th reaches 13,020 days (35 years) and Rec=31.42 %. These results are also satisfying knowing that the thermal breakthrough time T th corresponds to the fastest particles among the 31.42 % of recycled water. The recycled portion indicates also that only a part of the injected freshwater will be lost to the sea. Figure 2 illustrates the flow field and position of the saltwater wedge toe.
The same procedure was applied for the confined aquifer situation using the corresponding analytical solution (Strack 1976 ) and lead to similar conclusions. In this case, the optimal scenarios were obtained from both configurations 4 and 7. The decision of choosing between these two configurations can be based on a rough evaluation of the costs. The results of such a calculation using only the drilling costs and a given pump price is provided in Table 8 and shows that configuration 7 appears to be 47.6 % cheaper than configuration 4. For a real project, additional cost estimates including all the installation costs (hydrothermal installation, connecting pipes) and running costs (energy) would have to be carried out to be able to compare accurately the different scenarios.
Discussion
A new framework is proposed in which a remediation method to counter saltwater intrusions in coastal aquifers is combined with hydrothermal use of the groundwater. The example discussed in this paper shows that such a system could be efficient for an unconfined aquifer. Comparing the three different states (natural, stressed, and remediated), the deterioration following the freshwater withdrawal is partly remediated by the implementation of the open-loop hydrothermal well-doublets that act as an efficient hydraulic barrier. Numerical experiments were also made in the case of a confined aquifer and the results are similar. The only significant difference was the value of the breakthrough time; it is smaller for a confined aquifer because the same volume of water flows through a thinner section.
It is noted that, even if the setup is slightly different, the optimal distance between the injection wells and the coast resulting from the present study are close to the optimal injection location obtained in the experimental and numerical study of Luyun et al. (2011) . In both cases, the injection is more effective when located close to the saltwater toe. Furthermore, when comparing the results of this work to the ones obtained by , again similar general conclusions are obtained: the saltwater toe penetration is repelled after implementation of injection wells. However, this approach is different because it uses the reinjected groundwater to produce energy, and because the search for the best configuration is carried out with a constant discharge rate and other types of control parameters. The aim here is not to enhance the withdrawal but to remediate a deterioration of the freshwater resource. In general, one should not forget that this study is based on important assumptions and that the methods present several limitations. The results are based on an analytical model (Strack 1976 ) assuming homogeneity and neglecting the dispersion of the salt along the interface in 3D. Strack's solution assumes, in addition, the coast to be infinite and a horizontal base for the aquifer. All these assumptions could be relaxed by using more sophisticated models. For example, image wells and the principle of superposition could be used to account for boundaries (Mantoglou 2003) . Aquifers with an inclined base could also be considered (Koussis et al. 2012 ). Density dependent flow or complex geometries could be treated using numerical models. Numerical models would also allow investigation of some more efficient configurations such as the use of skimming wells or horizontal wells (Saeed et al. 2002) . In practice, a numerical model would certainly be required to design the best configuration for a given site. The model would include the real geometry of the aquifer, probably multiple freshwater withdrawals, vertical recharge from the precipitation, seasonal variations, spatial heterogeneities, variation in temperatures at the pumping and injection wells (Milnes and Perrochet 2013) , and so on.
However, ultimately, the proof that the principle described in this paper is working should be obtained by conducting a real field experiment. This was not feasible for the present study, but all the calculations done so far indicate that hydrothermal doublets have a good chance of helping in the remediation of coastal aquifers suffering from seawater intrusion while producing an important amount of sustainable heat and cold. Moreover, the energy and cost savings induced by the geothermal installation make this method economically viable.
Conclusion
The research described in this paper is based on the Strack (1976) analytical solutions for groundwater flow in a coastal aquifer assuming a sharp interface with seawater. The results show that using open-loop hydrothermal welldoublets could be an efficient way to remediate seawater intrusion. Various configurations and distances between wells have been considered. The optimal scenarios in the realistic example case that was studied here include four injection wells and produce the most efficient hydraulic barrier. A clear improvement regarding the distance of penetration and the relative volume of freshwater is obtained as compared to a state without the use of the well-doublet. The thermal breakthrough time is estimated to be larger than 30 years, which satisfies the conditions for a hydrothermal installation to be sustainable. Such results are extremely encouraging; however, further investigations should be carried out to confirm that the proposed method would be really effective for a given site, especially because of the unavoidable assumptions related to the use of an analytical solution in this study.
